The cost efficiency and high reliability of semi-mobile or combined in-pit crushing-conveying (IPCC) and truck systems, compared to conventional truck-shovel systems alone, make them more attractive for use in modern mining operations. Semi-mobile systems, which are the most common systems in open-pit mining, combine the advantages of both systems such that fewer trucks are required, operating costs are lowered, and the operation is environmentally sound. One major aspect of utilizing this system is determining the location of the in-pit crusher and the timing of relocations. Facility location models are rarely used in the mining sector, but these models may be used for solving the in-pit crusher location problem. To this end, the main parameters affecting the IPCC location in open pit mines are reviewed and examples given of how they are applied to a dynamic location-relocation problem. Subsequently, the model is implemented for Sungun copper mine in Iran and the number and the exact time of relocations of the IPCC units determined.
Nowadays, compared to the last century, metal prices are more volatile, average and cut-off grades have decreased, and stripping ratios increased. From a mining engineering point of view, many ore deposits with simple access and low capital and operating costs have been exhausted. The remaining deposits are located at depth, with no easy access, which requires high initial capital costs (Osanloo, 2012) . Mining at great depths and high tonnages is possible only through open pit mining. Today, more than 80% of open pit mines in the world use a shovel-truck system for loading-hauling operations (Osanloo, 2010) .
With increasing depth, haulage distances increase and the number of loads per truck decreases. As a result, fuel, tyre, and depreciation costs per ton increase. Owing to these factors, open pit mining at great depth (300 to 1000 m) using shovel-truck systems faces some technical and economic problems. In-pit crushing-conveying (IPCC) systems have been known in the mining industry for many decades. The idea was introduced in 1956 in Germany. Today, the cost efficiency and high reliability of IPCC make it more appealing than conventional shovel-truck operation, especially in longer life projects with lengthy transportation distances and high production rates (Koehler, 2003) . Since 1956, different aspects of this system have been reviewed by many researchers. Barua and Lanergan (1985) developed a computer program that compares the tonnage aspects of various conveyor layouts. They believed that to maximize the economic benefit of lower haulage costs associated with in-pit conveying, one must first minimize the cost of the flatter slope, which is expressed in terms of additional stripping or tied-up ore. Dos Santos and Stanisic (1987) evaluated the design of a high-angle conveyor at the Majdanpek copper mine. Then, Sturgul (1987) applied GPSS (general purpose simulation system) to find the best location of an in-pit crusher. Zimmermann (2006) believes that IPCC presents an opportunity for better and cheaper production. In this context, he considered the applications, case studies, and the economic effects of fully mobile crushing and conveying systems. Konak, Onur, and Karakus (2007) discussed the effects of pit geometry and mine access requirements on crusher site selection, based mainly on minimum haulage distance. They established a trial-and-error process and applied their method to an aggregate mine. Turnbull and Cooper (2009) and Morrison and Lourel (2009) evaluated the IPCC system, and sought to document the options that might be employed to transporting and dumping operations and rank them in terms of their applicability at any mine and their overall practicality. Also, they determined the types of IPCC that would be most appropriate for particular mining operations. Rahmanpour et al., (2014) studied the factors influencing the choice of a proper location of an IPCC and
In-pit crusher location as a dynamic location problem by M. Paricheh*, M. Osanloo*, and M. Rahmanpour* In-pit crusher location as a dynamic location problem investigated in-pit crusher location as a single hub location problem. Roumpos et al., (2014) developed a model for the ideal location of the distribution point of the belt conveyor in continuous surface mines. The model was applied to different scenarios for a lignite deposit with simplified geometry and geology, considering a spatial analysis perspective.
Apart from choosing a suitable type of crushing and conveying system, the system location should also be optimized to reduce operating costs. The crusher site dictates the haulage length for both parts (conveyor and truck) of an IPCC system and the haulage system capacity. The capital and operating costs of an IPCC system thus depend strongly on the crusher locations (Roumpos et al., 2014) . Since open pit mining is dynamic in nature and is based on pushback strategy, periodical relocation of the in-pit crusher is inevitable, depending on the production plan. Thus, one major aspect of utilizing this system is to determine the optimum crusher location and the times of relocation. This problem has not been considered yet. Given the nature of open pit mining, in-pit crusher location is essentially a dynamic problem. This paper endeavours to model the problem as a facility location-relocation problem (FLRP). FLRP is a dynamic location model that helps decision-makers to select the initial location and the subsequent relocations. Location-relocation models find the optimum location of a facility in some distinct periods. Each period varies from others and has an individual condition. The model is verified by data gathered from Sungun copper mine in Iran.
In a conventional system, the materials inside the pit are excavated and loaded onto trucks and transferred to the crushers, stockpiles, or waste dumps according to the type of material (ore or waste). In most cases, the primary crusher is situated at the edge of the pit. This system is known as an ex-pit crusher. Trucks are well suited to short hauls (less than two miles) and selective mining and dumping (Osanloo, 2010) . However, as the mine deepens, they are faced with problems such as:
® Increased haulage distance, requiring more trucks and capital (trucks of 360 t payload cost more than US$3 million ® As the number of trucks increases, dispatching will become a concern ® Increasing maintenance, repair, and operational costs ® Increasing labour requirement and more supervision.
Haulage costs are always a significant part of capital and operating costs in large open-pit mines. According to Tutton (2009) , in a typical large, deep mine using a conventional shovel-truck system, haulage costs constitute more than 45% of total operating costs, and about 40-50% of total capital costs ( Figure 1 ). One way of reducing the haulage costs is to shorten the haulage distance by bringing the dumping points (i.e. primary crusher) into the pit. This system is known as in-pit crushing. In-pit crushers can be classified as:
® Semi-mobile operation (known as discontinuous systems): this involves a primary crushing unit inside the pit together with a shovel-truck system. After crushing, the materials is hauled by conveyor to the predetermined destination (processing plant or waste dump). This system is the best option for large open-pit mines (Tutton, 2009 ) ® Fully mobile operation, where shovels and a mobile crusher are combined. This system has the best productivity and availability. Fully mobile crushing systems are appropriate for horizontally developing surface mines. Figure 2 shows the alternatives for transportation systems in open pit mines.
An IPCC system must satisfy two competing criteria in order to be the most appropriate selection for a deep open-pit mine:
(1) it should technically be able to deliver the required material to the out-of-pit system, and (2) be acceptably costeffective during the operational phase. One major factor in the cost-efficiency of the IPCC system is the optimal in-pit crusher location. Table I summarizes the different criteria that affect the optimal location and time for relocation of an in-pit crusher.
Minimizing the overall haulage operating costs and relocation costs throughout the mine life is the main goal of this investigation. For this purpose:
® The in-pit crusher should be at an optimum distance from the faces and also from waste dumps or plant ® Based on the mine production plan, the amount of material that must be hauled from each working face should be considered. These factors force the in-pit crusher to be located in the centroid of the available working faces (Konak, Onur, and Karakus, 2007; Stughul, 1987; Rahmanpour, 2014) . Hence, the capital and operating costs of the truck fleet are reduced ® In addition, the transportation costs increase rapidly each year, not only as a result of wage inflation but also as a result of the increment in haulage distances. In brief, haulage cost is a function of haulage length and time (Benito and Dessoreault, 2008; Roumpos et al., 2014) . In the case of open pit mining, to derive a function for haulage cost predictions, one needs to know the mine schedule and have comprehensive information about the haulage system. Thereby, the predicted haulage costs through the mine life will be more realistic ® The conveying distance (or conveying costs) from inpit crusher to an ex-pit destination is another factor that affects haulage costs. With the lower costs of conveyor transport compared to trucking, the in-pit crusher can be at a greater distance from the plant or waste dump site. These conveying costs have not yet been incorporated into the in-pit crusher location problem ® In addition, since extra energy is required by trucks to haul material over a vertical distance, it is necessary to assign a factor into the haulage cost function to consider the extra cost of moving material from the lower benches (Konak, Onur, and Karakus, 2007 ) ® Owing to the inherent features of open pit mining, the in-pit crusher should be relocated periodically. These repeated displacements take time and add costs to the project. These costs and time intervals should be considered in terms of yearly investment costs and annual operating hours (Morris, 2008) . Considering these parameters, the operating and relocating costs can be minimized through optimizing the in-pit crusher location using dynamic location models.
Facility location problems (FLPs) are combinatorial optimization problems that help strategic management and decision-making. Combinatorial optimization is the process of finding the optimal solution for problems within a region of feasible solutions. Furthermore, real-world location problems are often large in scale, and are not solvable to optimality within a reasonable time and effort (Rayco, Francis, and Tamir, 1999) . FLPs are divided into two main categories:
(1) static facility location problems (SFLPs) and (2) dynamic facility location problems (DFLPs). The problem is called static as long as the factors and parameters are fixed and constant with the planning time horizon. If the parameters change during the planning horizon and if there is a considerable amount of capital required for development, then the problem is called dynamic. In most DFLPs, decisionmakers must not only select robust locations, which will effectively serve changing demand over time, but must also consider the timing of expansions and relocation in the long term. From a general viewpoint, FLPs are subdivided in terms of two elements: space and time. Continuous-space, discretespace, and network-space location problems are addressed under the category of SFLPs. On the other hand, timespans constitute the main parts of DFLPs. DFLPs are subdivided into (1) dynamic deterministic facility location problems, (2) facility location/relocation problems (FLRPs), (3) multiperiod facility location problems (MPFLPs), (4) timedependent facility location problems (TDFLPs), (5) stochastic facility location problems, which are relatively similar to probabilistic facility location problems, and (6) fuzzy facility location problems. It should be noted that some types of DFLPs (especially FLRPs, MPFLPs, and TDFLPs) can be converted to each other (many references consider them as a single model: Arabani and Farahani, 2012; Farahani, Drezner, and Asgari, 2009; Erlenkotter, 1981) . According to the affecting factors in the previous section, to effectively handle probable changes of open pit mining in a crusher location problem, a dynamic model seems to be indispensable. Additionally, time-dependent parameters involving haulage costs can be predicted easily. Then, it is possible to model the problem by one of the FLRP, MPFLP, or TDFLP models. This paper uses the FLRP model. The binary linear programming form of a dynamic location-relocation problem for determination of the in-pit crusher location is given in Equation [1] . Notations of the model are defined in Table II .
In-pit crusher location as a dynamic location problem 601 VOLUME 117 is the objective function of the model, and is defined as the minimization of the total haulage costs. The first part of the objective function is the operating costs, and the second part is the relocation costs of the IPCC. In order to consider the operating costs of the conveyor from the candidate point j to the mill in period k, the value one is added to the third sigma. In the case of system relocation, Equation The term F kij is a function of material tonnage in each period and haulage costs per ton in that period. Furthermore, the haulage costs itself (F kij ) is a function of haulage distance (d) and time (t). In other words, F kij is a function of haulage distance (d), time (t), and the amount of material to be hauled (Equation [2]):
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where T kij and F kij are the total amount of material and haulage costs per ton of materials in period k that should be hauled from site i to destination j, respectively.
Prior to applying Equation [2] , the truck haulage cost functions should be estimated using any available method, such as that of O'Hara (1980) . For the conveyor system, the results of similar investigations at other mine sites should be used or a function developed with respect to local parameters. When the total haulage costs are estimated and substituted in Equation [1] , the model can be used to optimize the in-pit crusher location in each period.
Sungun copper mine (SCM) is a porphyry deposit and is located in the northwest of Iran. SCM is the second largest copper mine in Iran, with a resource estimated at up to 806 Mt at an average copper grade of 0.62%. The total mineable reserve of the deposit is about 388 Mt at an average grade of 0.67% Cu, and the stripping ratio is equal to 1.8:1. In the first five years, the annual production is 7 Mt, and it reaches 14 Mt in the remaining years. The mined area of SCM is 38.2 km 2 , half of which will be completely disturbed during the first 27 years of mine life. Some mine infrastructure, including the industrial mine site, concentration plant, belt conveyors, and crushing site are located near the current pit limits. The Pakhir and Sungun rivers flow through the mine area and join the Mian-cafe River and the Ilgene-chai River. The valley of Pakhir on the northern side of the pit is used as a waste dump area. Waste dumps are on the same level as the mine bench into Pakhir. The ore is hauled to an ex-pit crusher on the southeast edge of the pit on horizon 1987 m (Kavoshgaran, 2003) . The waste haulage distance will increase from 1 to 3 km by the end of the mine life, but the ore haulage distance increases to more than 5 km. Because the waste haulage distance is less than the economical travel distance for trucks (less than 2 miles) throughout the mine life, the dynamic location problem is applied for ore crusher locations. The economic and technical parameters of SCM that have been used in this study are shown in Table III .
One primary concern with the installation of an IPCC system is how the conveyors exit the pit. A tunnel, dedicated conveyor ramp, and existing haul roads are three ways by which the conveyors can exit the pit (Turnbull and Cooper, 2009; Morrisson and Lourel, 2009) . A feasibility study will determine the best method; then the conveyor specifications (length, angle, and width) and corresponding haulage costs can be calculated. In this case study, the existing haul roads were selected for routing the conveyor to the pit exit located on level 1987 in the southeast part of mine site. The level is located in the mid-point of the mine depth. Currently, an exIn-pit crusher location as a dynamic location problem Table III Cost of 1.6 m width 3000 $ per metre conveyor (Mular, 1992) 
Economic
Conveyor shipping and 25 % of conveyor price parameters installing cost (Mular, 1992) Bench height 12.5 m pit crusher is located at this level at a distance of 270 m from the southern edge of the pit. An overland conveyor line with a length of 1171 m moves the crushed ore to the concentration plant southwest of the pit. Considering these issues, if an IPCC is installed in the mine, then the ore should be hauled daily and dumped into an in-pit crusher. After crushing, the ore will be discharged onto a discharge conveyor, which will discharge the crushed ore onto movable conveyors. These conveyors will haul the ore over the existing haul roads out of the pit and deliver the material onto the overland conveyor which goes directly to the concentration plant. Three belts are thus required to complete the transportation process from the pit to concentration plant. Figure 3a shows a plan view of the pit and the location of the ex-pit crusher. According to the model, the first step is the determination of some candidate location for the crusher. The mine production plan indicates extraction levels and the ore tonnage to be mined. In order to simplify the problem, the geometric centre of each level is assumed as a candidate crusher location. Figure 3b shows the centroid line of all mine levels.
Generally speaking, if the IPCC system is going to be applied in the middle of the mine life, then it should be used after the first payback period. This is due to the fact that it would be unwise to reinvest in a project that has not yet returned its initial investment. For this reason, due to a 5-year payback period at Sungun, one can investigate the application of IPCC system from the 6th year. Then, depending on the time of the IPCC's application, the dynamic location problem will determine the optimum locations for the remaining years. To improve the solution time, it is assumed that the in-pit crusher should be placed between the highest and lowest levels of mining in each year. Thus, some penalty values are added to each level outside of this boundary. As an example, the distance from the mining point in the 6 th year (centroid of each level) to the candidate point (centroid of each level) in the same year is given in Table IV . For the remaining mine life, these distances are calculated according to the available mine plan.
In order to apply the model (Equation [1] ), the haulage cost should be specified. To do that, two new mathematical models are developed for prediction of truck and conveyor haulage costs per ton as a function of distance. The unit cost can be calculated by dividing the hourly truck cost by the resulting truck productivity. Truck performance is typically expressed in terms of the hourly production rate (tons per hour), and is calculated considering truck payload and truck total cycle time, which includes spot, load, haul, turn, dump, empty return, wait, and delay times (Benito and Dessoreault, 2008) . This method requires comprehensive information on
In-pit crusher location as a dynamic location problem VOLUME 117 Figure 4 . To calculate the haulage cost for distances beyond 500 m, these costs are increased linearly. After normalizing and smoothing the data, the best curve fitted to the data is selected for prediction of haulage cost per cubic metre per metre. Figure 5 shows the best fit to the normalized data. Moreover, some coefficients such as overhead, road, equipment, weather, and contractor factors are added to the basic costs by contractors who will attend the biddings (Table V) . To convert haulage cost from tomans per ton to dollars per ton, the exchange rate is assumed to be 3000 units per dollar.
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Finally, the predicted truck haulage cost function per ton of ore per metre in SCM is modelled as in Equation [3] :
where d is distance in metres, t is year, and f is the annual haulage cost (per ton per metre).
The conveyor is an inseparable part of the IPCC system. Thus, its design and specifications are very important. Initially, conveyor components for carrying ore in SCM are designed according to the standards of the Conveyor Equipment Manufacturers Association (CEMA). Conveyor operating cost includes spare parts, maintenance, labour, and electricity costs. Calculation of electricity cost depends on belt tension and power consumption. Labour, maintenance, and spare parts costs are considered as a percentage of the initial investment cost. After calculation of conveyor power consumption in terms of conveyor length, the incremental annual haulage cost function per ton for the conveyor system is formulated (Equation [4] ).
[4]
where f is yearly conveyor operating cost per ton per unit length of the conveyor, P KW is power required for transportation of ore over a distance of d metres, AOPH is the yearly operating hours (in this case 3600 h), C index (t) is the predicted Marshall and Swift cost index for the year t, and 14*10 6 is the yearly ore production of Sungun. The Marshall and Swift equipment cost index was created to facilitate comparisons between two previous quarters or years. Index comparisons are developed by dividing the index for the date for which a cost is desired by the index for the date of the known cost and multiplying the resulting factor by the known cost (Mular, 1992) .
The dynamic location mathematical model presented in Equation [1] is adapted to match the case of Sungun. In this case, r is equal to 22 (from year 6 to 27), p is equal to 47 (number of candidate levels) and C k is equal to $1.5 million (average of all probable periodic investment costs for additional conveyors plus 25% of this cost as engineering, disassembling, relocating and assembling costs). Then, Equations [3] and [4] are applied to calculate the yearly haulage operating cost from each face to candidate levels from year 6 to the end of mine life. The problem is modelled and solved in GAMS (General Algebraic Modeling System). GAMS is a high-level modelling system for mathematical optimization which is designed for modelling and solving linear, nonlinear, and mixed integer optimization problems. Input parameters in an Excel ® sheet are sent to the software as a 145*47 matrix. Cplex optimizer is used to solve the model. Cplex is a solver that is designed to solve large and difficult problems quickly with minimal user intervention. Depending on the time of application of the IPCC system in the mine, the solution will provide the crusher location and optimum time for the system relocations. A sensitivity analysis was performed for the parameter of relocation costs.
Optimum locations for the in-pit crusher in different years of mine life, depending on the time of applying the system, are shown in Table VI . The first column shows the years, and the first row presents the year when the IPCC system is applied. Each number in the table presents the optimum level where the IPCC system should be installed. As an example, if the system is used from the 10th year, in the first year the in-pit crusher should be located on level 1975, and in the next year it should be relocated to level 1925. Similarly, the in-pit crusher should be located on 12 different levels to the end of mine life and the system should be relocated 11 times.
Running time in seconds (Intel ® Core TM i5-2450 CPU at 2.5 GHz) was less than 300 seconds. By increasing the number of periods and the corresponding faces and candidate points, the numbers of variables increases, but this does not change the running time significantly. L 604 VOLUME 117 The four most applicable methods that can be used to exit the conveyor from the pit include a dedicated ramp slot, highangle conveyor, tunnel, and existing truck ramps. Only the last method is considered in this paper. It is a well-known fact that when the existing haul roads are used to handle the materials, extra width would be needed to accommodate both truck and conveyor haulage routes. It is worthwhile to note that the truck fleet would be smaller after the primary crusher moves into the pit. In this situation, the transportation process will be easier to manage because of the lower traffic volume. To increase the final pit slope, in some cases, reducing road widths may be considered. On the other hand, incorrect haul road width at certain places causes bottlenecking and increased truck travelling times. A separate investigation of this aspect is needed. However, in this paper, it is assumed that the existing haul roads do not need to be widened in order to accommodate both conveyor and trucks on the same route. As stated previously, the crusher must be in the centroid of the working faces. Relocation of the in-pit crushing station is required when the haulage distances become uneconomic for trucks. So, the other most important parameter affecting the problem is the relocation cost of the crusher, which involves the costs associated with disassembling the equipment, conveyor and crusher relocation costs, and the cost of purchasing additional equipment to increase the length of the conveyors. There must be a trade-off between these two costs (i.e. haulage operating cost and relocation cost). The crusher would not be relocated if the haulage operating costs can be reduced, since crusher relocation would not offset the relocation costs. More scenarios for relocation costs are considered to show other aspects of the proposed mathematical optimization model. The results are illustrated in Table VII . Changes in the value of this parameter in a range of $1 million to $5 million do not change the optimum locations significantly. However, increasing this parameter up to $30 million reduces the number of relocations.
According to Table VI , depending on the year the mine installs the system, the exact timings of IPCC relocations are optimized. It is worth noting that, while there are some changes in the initial years, the optimum IPCC location in each year is somewhat independent of the IPCC's application time. The changes in the initial years are highlighted in Table VI .
The results in Tables VI and VII show that displacements occur most frequently in the final years. This means that the mine becomes deeper and operating costs are increased more rapidly than the earlier years.
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After determination of the best location and best time for relocation of the in-pit crusher, an accurate comparison of IPCC vs. pure truck systems will be possible. The comparison of the total haulage distance in the shovel/truck and IPCC systems is shown in Figure 6 . In this figure, the IPCC is applied in the mine from the 6th year. In the case of the shovel/truck system, the total haulage distance will reach to more than 3000 m after year 20. However, in the case of the IPCC system, the total haulage distance by trucks inside the pit is always about 1000 m. Thus, the IPCC system requires fewer trucks than the shovel/truck system. According to the results, this will save about $150 million by the end of the mine life.
As the pit continues to deepen, additional movable conveyors will be installed at a lower elevation to dump on to the first conveyors. Therefore, the conveyor's periodical investment cost depends not only on the additional drive pulleys and motors needed, but also on the extra length of conveyor needed and the corresponding costs. These costs are a part of the relocation costs, which are considered here as an average of all probable scenarios for the extra conveyor required. This is calculated in the conveyor design process and preparing the input cost matrix (i.e. trucking, conveying, and relocation cost matrix) of the mathematical model. The capital costs of the IPCC system (purchasing the in-pit semimobile crusher and initial required conveyor length, engineering, commissioning, assembling, etc.) are not part of the crusher location and relocation problem. They are main factors affecting the time of application of IPCC.
Three main belt conveyor paths are required in the case study. The first one passes from the crusher to the ramping system, the second via the ramp system up to the pit rim, and the last across the rim (the existing ex-pit crusher) to the concentration plant. In this case, because of the special ramping system (switchback) additional transfer points may be required and extra costs may be incurred; however, this was not considered in this paper.
In-pit crushing-conveying (IPCC) has received renewed interest and is being reviewed by mining researchers worldwide. As pits become deeper and strip ratios increase, cost pressure on operations means that alternatives that incur lower operating costs become more attractive. Factors such as fuel prices, skilled labour shortages, truck costs, vehicle incidents, and greenhouse gas emissions force mining companies to change their transportation systems. Apart from choosing a suitable type of crushing and conveying system, the location of the system should also be optimized to reduce operating and capital costs. In addition, determination of the optimum time for relocating the system has not been considered to date. This time plays an important role in mine plan and cost reductions. In this study, determination of the optimum locations and optimum times for relocations of an in-pit crusher was studied as a dynamic location problem. The proposed method was implemented in a case study for Sungun copper mine.
According to Sungun's mining schedules and extraction sequences, haulage distances were calculated in each year. Two models were then developed to predict the haulage cost per ton per metre for both truck and conveyor systems. These models enable the mine planner to easily estimate the haulage costs with regard to increased haulage distance and times.
Application of the IPCC system from year 6 will decrease the haulage costs by about 6% compared to the conventional shovel-truck system. This equates to about $150 million through the mine life. In this case all the parameters were predicted using available data. In some cases, collecting the data is relatively hard, or even no data may be available, and the main parameters of the problem are likely to be uncertain during the planning horizon, and therefore models considering uncertainty would be of interest in such conditions. Future research should also be focused on dealing with the uncertainties.
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